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Abstract: Clays and argillites are considered in some countries as possible host rocks for nuclear waste disposal at great depth. 
The use of compacted swelling clays as engineered barriers is also considered within the framework of the multi-barrier concept. 
In relation to these concepts, various research programs have been conducted to assess the thermo-hydro-mechanical properties 
of radioactive waste disposal at great depth. After introducing the concepts of waste isolation developed in Belgium, France and 
Switzerland, the paper describes the retention and transfer properties of engineered barriers made up of compacted swelling clays 
in relation to microstructure features. Some features of the thermo-mechanical behaviors of three possible geological barriers, 
namely Boom clay (Belgium), Callovo-Oxfordian clay (France) and Opalinus clay (Switzerland), are then described, including 
the retention and transfer properties, volume change behavior, shear strength and thermal aspects.  
Key words: high-level radioactive waste (HLW); engineered barrier; temperature; permeability; radioactive waste disposal; 
swelling clay 
 
 
1  Introduction 
 
In some countries including Switzerland, Belgium 
and France, natural and engineered clay barriers are 
considered as possible barriers in the framework of the 
multi-barrier concept used for the disposal of high and 
long-life radioactive wastes at great depth. Two main 
interesting properties are exhibited by clays: a low 
permeability resulting in very slow water movements 
in the host rock, and a good ability to retain 
radionuclides by physico-chemical adsorption on clay 
minerals. In this paper, the retention of radionuclides 
will not be addressed and attention will be paid to 
water transfers and all the related thermo-hydro- 
mechanical coupling effects that occur in the near field 
of a disposal repository during its service life.  
Attention will be paid first to the behavior of 
engineered clay barriers made up of a heavily 
compacted mixture of sand and swelling clay. Some 
behaviors of several natural European clays and 
argillites considered as possible geological barriers will 
be addressed afterwards. 
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2  Waste disposal systems 
 
Figure 1 presents a scheme of the Swiss concept in a 
argillite named Opalinus clay, where canisters of 
high-level radioactive waste (HLW) are placed in 
horizontal galleries and surrounded by an engineered 
barrier made up of a heavily compacted mixture of 
sand and bentonite. The concept of disposal of 
intermediate-level waste (ILW) in larger containers is 
also shown in Fig.1, together with the schematic 
configuration of waste disposal system at great depth. 
The engineered barrier placed around the canister is 
used to provide, on one hand, a very low permeability 
(1013–1011 m/s) to limit any advection transfer and to 
favor the diffusion of radionuclides, on the other hand, 
to provide a high thermal conduction (due to the sand 
incorporated in the mixture) to enhance the diffusion of 
the heat generated by the canisters. Once being in 
contact with the host rock, engineered barriers are 
progressively saturated by the pore water coming from 
the clay, which infiltrates the barrier at a very low rate 
owing to the very low permeability of the argillite. 
This infiltration is initially considered to obey standard 
unsaturated soils water transfer rules, but indeed the 
conditions of impeded swelling that are imposed to the  
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Fig.1 Swiss concept of Opalinus clay. 
 
engineered barriers present some specifics that make 
the infiltration process somewhat different. 
In the French concept presented in Fig.2 [1], no 
engineered barrier is used and the canisters of 
high-level radioactive waste are placed in direct 
contact with the clay. Iron canisters (1.3–1.8 m in 
length and 0.57–0.64 m in diameter) are placed in 
horizontal galleries (0.7 m in diameter, 40 m in length 
approximately).  
 
 
Fig.2 French concept of high-level radioactive waste [1]. 
 
The isolation of the horizontal borehole containing 
canisters from the access gallery is of great importance. 
Figure 2 shows that the isolation is made up by filling 
the borehole with both compacted swelling clay and 
concrete plug. Note also that some inert intermediate 
canisters (clearer in Fig.2) are placed between the 
active canisters to reduce heat emission. 
The previous schemes come from a document [1] 
called “Dossier argile” that was published by ANDRA, 
the French National Agency for Radioactive Waste 
Management. This document, in English, describes in 
more details the status of the French concept in 2005. 
Figure 3 [1] presents the configuration of the 
damaged zone induced by the excavation, according to 
some observations conducted in the Bure Underground 
Research Laboratory (URL) excavated in the Callovo- 
Oxfordian (COx) mudstone in France. Similar 
observations have been made in the Mol URL in the 
Boom clay (Belgium) and the Mont-Terri URL in the 
Opalinus clay in Switzerland. The instantaneous and 
long-term behaviors of the excavation damage zone 
(EDZ) are being presently investigated in detail in 
terms of its influence on the transfer of water and 
radionuclides. 
 
 
Fig.3 Damaged zone around the excavation [1]. 
  
During exploitation, galleries are vented, resulting in 
the desaturation of a cylindrical zone in the host rock 
close to the excavation. The knowledge of water 
retention properties of the host rock is hence necessary 
to better understand this aspect. As mentioned above, 
unsaturated behavior also concerns the engineered 
barriers. Once systems are closed at the end of the 
operational period when the wastes are placed in the 
disposal repository, the resaturation of the engineered 
barriers will occur due to the pore water provided at a 
very low rate by the rock. However, the anaerobic 
degradation of the steel components (including that of 
the canisters) will produce some hydrogen that will 
contribute to maintaining an unsaturated state in the 
barriers for some time. According to Ref.[1], the 
maximum hydrogen pressure (7–9 MPa) will neither 
significantly desaturate the host rock nor fracture it 
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(the fracture pressure of COx argillite is estimated at 
12 MPa). This phase is supposed to last for several 
thousands of years, resulting in a subsequent 
resaturation process that lasts for more than tens of 
thousands of years and will be completed after 100 000 
or 200 000 years after closure.  
The results of calculations about the thermal 
perturbation due to the heat emitted by high-level 
radioactive wastes (called waste C) in the French 
concept are presented in Fig.4 [1]. It is estimated that a 
maximum temperature of 90 °C will be quickly 
reached after around 15 years close to the waste 
whereas temperature homogeneity starts prevailing at 
40 °C–45 °C after 1 000 years and at 30 °C–35 °C 
after 3 000 years. The regression of temperature to the 
initial one close to 5 °C is estimated to complete after 
50 000 years. 
 
Fig.4 Changes in temperature due to the heat emitted [1]. 
 
Figure 5 [1] shows the temperature changes with 
time. A maximum temperature is reached after 100 to 
300 years, followed by a progressive decrease. 
 
 
Fig.5 Time schedule of thermal phenomena [1]. 
 
As seen in Fig.6, higher temperatures probably 
occur in the Swiss concept due to the bentonite backfill 
where the initial temperature close to the canister is as 
high as 160 °C after 10 years. It further reduces below 
100 °C after 1 000 years. Note in Fig.6 the thermal 
 
 
 
Fig.6 Temperature profile in the Swiss concept. 
 
buffer role of backfill where temperature at ten years 
reduces from 160 °C to around 80 °C along a distance 
of 75 cm, thus preserving the host rock from being 
exposed to temperature higher than 100 °C. 
 
3  Engineered barriers 
 
Engineered barriers are generally made up of 
heavily compacted bricks that have to be able to 
mobilize enough swelling pressure once hydrated in 
field (another option is to use pellets of compacted 
bentonite that behaves as a granular material). ANDRA [1] 
estimated that the effects of “structural voids” they 
called of the system had to be accounted for when 
defining the required swelling pressure. Structural 
voids are unavoidable, and they correspond to voids 
that can be found between the bricks and themselves, 
between the canister and the bricks, and between the 
canister and the host rock (being the top of the 
galleries particularly difficult to completely fill). The 
requirement defined by ANDRA [1] is that the 
swelling pressure of the engineered barrier is of the 
order of 7 MPa when allowing for a swelling of 10%, 
and the value is estimated to account for the effects of 
structural voids. Hence, the values of density and 
initial water content of the compacted swelling 
clay/sand mixture have to be defined accordingly. In 
this regard, Fig.7 [2] presents the effect of dry density 
on swelling pressure and shows that the swelling 
pressure higher than 10 MPa requires a dry density 
larger than 1.7 Mg/m3. 
Engineered barriers are made up of heavily compacted 
smectites that are characterized in particular with a high 
plasticity index, specific surface and cation exchange 
capacity. Table 1 provides the geotechnical properties 
of three bentonites named Kunigel (from Japan) [3], 
Foca7 (from France) [4] and MX80 (Wyoming 
bentonite) [5], respectively. Kunigel is a relatively pure 
Te
m
pe
ra
tu
re
 (º
C
) 
114                                                 P. Delage et al. / Journal of Rock Mechanics and Geotechnical Engineering. 2010, 2 (2): 111–123 
 
 
Fig.7 Effect of dry density on swelling pressure [2]. 
 
Table 1 Geotechnical properties of various bentonites. 
Clay Mineralogy wL (%) wP (%) IP s (Mg/m3) 
FoCa7  
Kaolinite- 
smectite 
112 50 62 2.67 
Kunigel 64% Na-smectite 4742 272 4472 2.792 
MX80 
85% Na-Ca 
smectite 
520 62 458 2.65 
Clay Activity S (m2/g) VB (g) 
Cation exchange capacity 
(mEq/(100 g)) 
FoCa7  0.78 3001 18 541 
Kunigel 6.92 687 24 73.22 
MX80 5.4 7003 — 683 
Note: VB represents the mass of methylene blue per 100 g soil. The 
superscripts 1–3 represent that the corresponding data come from Refs.[4], 
[3] and [5], respectively.  
 
Na-bentonite, and FoCa7 is an interstratified 
kaolinite/Ca smectite with a lower liquid limit. This 
difference is also apparent in terms of activity but not 
of specific surface. The MX80 clay is a Na-smectite 
with some Ca. The bentonites with a high smectite 
fraction have very high liquid limits (474% and 520%, 
respectively) and specific surfaces (687 and 700 m2/g, 
respectively) with a cation exchange capacity close to 
70 mEq/(100 g). 
A scanning electron microscope (SEM) photo of a 
Kunigel clay sample compacted at a density of 2 
Mg/m3 and a water content of 8% is presented in Fig.8 [7]. 
A typical aggregate microstructure of dry compacted 
soils [6] is observed with quite large inter-aggregates 
pores that are apparent in spite of a high density. 
Figure 9 [8] presents the pore size distribution (PSD) 
curves of a compacted Almeria bentonite showing the 
typical bi-modal pore distribution and confirming the 
existence of a large inter-aggregate pore population 
with 20 m in diameter. The curves also show the 
effect of density on PSD. Compaction at a higher density 
 
Fig.8 SEM photo of a compacted bentonite [7]. 
 
 
 
Fig.9 PSD curves of compacted Almeria clay [8]. 
 
mainly reduces the large inter-aggregates pores with 
little influence on small inter-aggregates pores less 
than 1 m as suggested by Delage [9] from the data of 
Sridharan et al. [11]. 
As commented in the introduction, bentonites are 
progressively hydrated due to the pore water slowly 
provided by the host rock. The effect of hydration with 
swelling allowed in a compacted Calcigel bentonite is 
described in terms of changes in PSD in Fig.10 [12].  
One can observe that swelling is due to two distinct 
effects: (1) the creation of a new well graded pore 
population with an average diameter around 1 m; and 
(2) a significant increase in the infra-porosity made up 
of pores with a diameter too small to be investigated 
by mercury intrusion (3 nm). 
As commented by Delage [13], one of the main 
mechanisms governing these pore changes is linked to 
the mechanism of hydration of compacted smectites as 
evidenced by Saiyouri et al. [14]. When hydrated from 
a dry initial state, clay platelets that are initially made 
up of a large number (more than 300) of elemental 
smectite layers (1 nm thick) with only one layer of water  
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Fig.10 PSD curves of Calcigel bentonite in various hydric 
states [12]. 
 
molecules adsorbed progressively absorb other layers 
of water molecules and are simultaneously separated 
into many more thinner platelets. The intra-aggregate 
and inter-platelet small-sized porosities are supposed to 
correspond to the large infra-porosity observed in 
Fig.10 after hydration. The other pore population at 1 
m is suspected to correspond to a honeycomb 
microstructure developed in inter-aggregate pores by 
the aggregate exfoliation that indeed appears and be 
also governed by the above phenomenon. 
In fact, the swelling observed in Fig.10 is not 
allowed during the in-situ hydration in engineered 
barrier because it is not free to swell, except for an 
estimated volume of 10% of structural voids as 
commented above. Hydration with impeded swelling 
results in a different final state that can be indirectly 
deduced from observation of the retention curves in 
Fig.11, which are mainly obtained by imposing suction 
using vapor equilibrium technique [15]. In Fig.11, the 
comparison between retention curves with and without 
free swelling is made. Retention properties without 
swelling were investigated using constant volume cells 
placed in vapor controlled atmosphere [16]. 
Starting from an initial suction of 113 MPa, the 
effect of constant volume condition becomes more 
significant while the suction decreases and the swelling 
is potentially mobilized. The difference between the 
curves becomes more significant when the suction is 
below 8 MPa, and a large difference appears at very 
low suctions. When the suction is close to zero (0.1 
MPa), the difference in retained water content is about 
10%, with less water in the confined sample. In  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.11 Effect of constant volume conditions on the retention 
properties of FoCa clay [16]. 
 
other words, the sample is able to absorb less water 
because of the impeded swelling. 
This difference in behaviors is important because the 
calculation of water flow in unsaturated soils is 
generally accounted for by using a retention curve 
obtained under free volume change conditions. An 
overestimated water content would probably be 
predicted by using the wrong water retention curve. 
The conditions of constant volume during hydration 
of compacted bentonites have other consequences in 
terms of water transfer. These consequences have been 
evidenced by adopting the instantaneous profile 
method of measuring the water permeability of 
unsaturated soils [17] to compacted bentonite [18]. In 
this method, an infiltration is carried out by using a 
column as presented in Fig.12 [18]. During infiltration, 
the changes in suction profile were monitored by using 
relative humidity (RH) sensors placed at various 
altitudes and at the top of the column. 
The response in suction profile at various times is 
presented in Fig.13 [18]. The slope of the curves in 
each point provides water gradient. By using the 
isochoric retention curve along a wetting path (Fig.11), 
the profiles of water content corresponding to the 
suction profiles can be calculated from the suction 
isochrones obtained from Fig.13. These profiles of 
water content at various times allow for the 
determination of the water flux. Once both the 
hydraulic gradient and the water flux are obtained, the 
permeability in various states of saturation during the 
infiltration can be calculated (see Ref.[17]). 
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Fig.12 Infiltration column for the instantaneous profile method. 
 
 
 
 
 
 
 
 
 
 
 
Fig.13 Changes in suction profiles along the column [18]. 
 
The results in terms of changes in permeability as a 
function of suction at various heights are presented in 
Fig.14. [18]. It indeed shows significant differences 
when compared with standard infiltration in non-  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.14 Changes in unsaturated permeability with suction during 
infiltration [18]. 
swelling unsaturated soils: (1) The change in 
permeability with suction is not unique; and it depends 
on the distance from the water inlet. (2) The 
unsaturated permeability does not monotonically 
decrease with increasing suction; the changes are not 
significant, with values (1–4)1014 m/s. T01 in Fig.14 
corresponds to calculations made when accounting for 
the effect of a critical gradient (see Ref.[18] for more 
details). 
These results indicate that the experiment does not 
concern a unique material, like non-swelling soils 
where the change in microstructure during infiltration 
is less significant. Here, due to the confined hydration 
without swelling and a possible clogging of the pores 
due to the exfoliation of smectite platelets in the 
inter-aggregate pores, microstructure changes influence 
the transfer significantly. In other words, the tested 
material differs significantly from one height to 
another, being the permeability measurement 
representative of different clay microstructures 
according to the level considered. 
Again, the specific change in permeability observed 
here is likely to be similar to what happens in a 
confined engineered barrier during infiltration. Any 
numerical modeling of the infiltration should account 
for this specific variation. Indeed, the trend observed in 
Fig.14 with reasonably small variations appears to 
simplify things when comparing these variations with 
those observed by Daniel [17] on low plasticity soils 
that are one of various orders of magnitude. 
As seen in Section 2, engineered barriers will be 
exposed to increasing temperature elevation, and this 
will affect the THM behavior of engineered barriers. 
There are few available data about thermal effect on 
the behavior of engineered barriers. Figure 15 [19] 
presents the results of the thermal volume changes of a 
compacted MX80 smectite under controlled suctions 
(vapor control). Figure 15 shows that there is a  
 
 
Fig.15 Thermal volume changes of a compacted MX80 smectite [19]. 
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significant effect of suctions, with reasonably 
reversible changes observed at a higher suction of 110 
MPa and irreversible behavior at a suction of 39 MPa. 
This trend is somewhat comparable with that observed 
on saturated clay in terms of effect of the over- 
consolidation ratio and will be commented further on. 
The effect of temperature on the hydro-mechanical 
response of engineered barriers is probably an 
important aspect that presently remains to be 
investigated in engineered barriers. 
 
4  Geological clay barriers 
 
The rocks selected for radioactive waste disposal at 
great depth are of low permeability and low porosity, 
and they are selected according to the geology of the 
country where the disposal repository is planned. The 
Swedish SKB concept is planned to be constructed in 
granite. In Switzerland, the Grimsel URL is also 
located in granite, whereas the other options adopted in 
Belgium (Mol URL), France (Bure URL) and 
Switzerland (Mont Terri URL) are based on the uses of 
clays and argillites, named Boom clay, Callovo- 
Oxfordian clay and Opalinus clay, respectively.  
4.1 Geotechnical characterization of the clays 
The geotechnical properties of the clays are 
summarized in Table 2 [20]. Actually, the Boom clay is 
a stiff one that is more porous and permeable than the 
other two, which are better qualified as mudstones. The 
Boom clay is a soil whereas both Opalinus and 
Callovo-Oxfordian (COx) argillites behave as rocks 
with 10 times higher Young’s moduli and unconfined 
compression stresses. There is also a significant 
difference in terms of calcite content, negligible in 
Boom clay and quite significant in COx mudstone 
 
Table 2 Typical geotechnical properties of European host clays [20]. 
Clay 
Dry density 
(Mg/m3) 
Calcite 
content (%) 
Porosity (%) 
Water content 
(%) 
Opalinus 2.22–2.33 6–22 13.5–17.9 4.2–8 
Callovo- 
Oxfordian 
2.21–2.33 23–42 < 13 < 5.5 
Boom 1.61–1.78 0–3 > 30 > 9.5 
Clay 
Young’s modulus 
(GPa) 
Unconfined 
compression 
strength (MPa) 
Permeability (m/s) 
Opalinus 4–10 4–22 (1–5)1013 
Callovo- 
Oxfordian 
4–5.6 20–30 (1–5)1013 
Boom 0.2–0.4 2 (2–3)1012 
(23%–42%). The COx mudstone is also characterized 
with a significant quartz fraction (35%–45%). Note 
that this quartz fraction is favorable for heat 
transmission, and the heat conductivity of quartz is 
higher compared with that of clay or calcite. 
There is also around one order of magnitude in 
difference in terms of the argillite permeability with 
values of (1–5)  1013 m/s, indeed characterizing quite 
low permeable rocks. This good quality of confining 
waste is the origin of many experimental problems 
with properly characterizing the geotechnical properties. 
An important problem is related to the initial saturation 
of samples that quickly become unsaturated because of 
the techniques used and the period of time required for 
extracting and trimming rock samples. Commonly 
adopted techniques in soil mechanics to avoid possible 
evaporation and sample drying during extraction and 
trimming are not so easy in rock mechanics where less 
importance is devoted to the water sensitivity of 
samples. This often results in a poor control of the 
initial saturation of the tested samples. 
The microstructure of the COx clay is presented 
with the SEM photos in Fig.16 [1]. The clay matrix 
(interstratified illite/smectite, illite, chlorite, total clay 
fraction of 40%) is apparent and contains a well 
crystallized calcite grain (Fig.16(a)) and quartz grain 
(Fig.16(b)). Large pores with size of around 1 m are 
visible in Fig.16(a) around the quartz grain whereas the 
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(b) 
Fig.16 SEM photos of the Callovo-Oxfordian mudstone [1]. 
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clay matrix in Fig.16(b) appears to be quite dense. 
The PSD curve of a dry COx sample is presented in 
Fig.17 [21] in terms of normalized pore volume, and 
the expulsion curve is also presented. The data clearly 
show a well graded pore population defined by an 
average diameters of 20 nm with around 65% of the 
pore diameter ranging from 10 to 30 nm. This shows 
that the large pores observed in Fig.16 have no direct 
interconnection and are hidden by a pore population 
obviously characterized with the clay matrix 
arrangement clearly seen in Fig.16. Based on a brick 
schematic arrangement of particles, the diameter of 20 
nm provides an idea of the clay particle thickness (0.02 
m) that appears to be compatible with the one observed 
in Fig.16. 
 
 
Fig.17 PSD of dry samples of COx argillite [21]. 
 
The water retention curves of the COx argillite 
obtained by using vapor equilibrium technique are 
presented in Fig.18 [22]. 
 
 
Fig.18 Water retention curves of the COx argillite [22]. 
 
The shape of the curve at low suction does not allow 
proper estimation of the air entry value, probably 
changing between 5 and 10 MPa. Calculation based on 
the large pore size determined in Fig.17 and hypothesis 
that only capillary effect plays a role [23] indeed 
provides an air entry value of around 9 MPa. The 
curves in Fig.18 also show that the value of suction 
increase rapidly during desaturation, for instance, a 
suction of 40 MPa corresponding to a degree of 
saturation of 80%. This degree of saturation is often 
met in the COx samples delivered to the laboratory. 
Figure 19 [24] presents the water retention curves of 
Opalinus clay, showing that the suction in the initial 
state is close to 10 MPa and reaches around 100 MPa 
at a degree of saturation of 30%. As a COx clay, 
Opalinus clay presents some swelling properties due to 
a significant smectite fraction, with a water content as 
high as 23% attained under free swelling.  
 
Fig.19 Water retention curves of Opalinus clay [24]. 
 
The microstructure of Opalinus clay is somewhat 
comparable to that of COx clay (dominant matrix clay 
microstructure with small pores) whereas that of Boom 
clay with a significantly higher water content 
corresponds to a less dense matrix microstructure with 
few observed non-clay minerals.  
4.2 Hydro-mechanical behavior 
The difference in nature between Boom clay and the 
other two argillites can be observed from data coming 
from a uniaxial compression test as presented in Fig.20 [25]. 
Data are obtained from a high pressure oedometer (up 
to 120 MPa) on a sample of COx carefully saturated 
before running the compression test. As compared with 
compression curves on stiff clays where a yield stress 
can be identified in a semi-log plot (5 MPa for Boom 
clay), the data in Fig.20 do not show any evidence, in a 
linear diagram of vertical stress, of any yield. It seems 
then that correlating clay-rocks to overconsolidated 
clays is not straightforward. 
As compared with clay soils like Boom clay when 
sheared at the triaxial apparatus, clay rocks present  
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Fig.20 Uniaxial compression test on COx clay [25]. 
 
some typical phenomena that are presented in Fig.21 
[26] in terms of deviatonic stress/axial strain curves 
coupled with volume changes, seismic compression 
waves velocity (Vp) and acoustic emission (that both 
give a quantification of induced damage), permeability 
(a function of damage) and electrolytic conductivity. It 
is observed that, once the elastic zone has been passed, 
dilatancy and associated damage result in a decrease in 
Vp followed by a significant increase in permeability. 
Considering again the EDZ described in Fig.3, the 
particular importance of the coupled permeability/ 
damage behaviors is realized when the waste is 
disposed of in clay rocks. 
 
Deviator stress
 
Fig.21 Rock behavior during a triaxial shear test [26]. 
 
Since Boom clay is a plastic soil, there is no 
difficulty in testing it as a saturated sample. This is not 
the case of Opalinus and Callovo-Oxfordian argilites 
that appear to be somewhat desaturated due to the 
extraction and trimming procedures used for rock 
samples. Specimens are cut by diamond in field into 
various diameters and cored again in the laboratory 
with dry air at the desired diameter if necessary 
(typically around 38 mm for soil samples). 
The water sensitivity of argillites is shown in Fig.22 
by the comparison of unconfined compression tests 
carried out on COx clay samples at various relative 
humidities imposed by using saturated saline solutions 
[22]. Fig.22 clearly shows that changes in relative 
humidity obviously involve significant changes in both 
Young’s modulus and maximum resistance stress. The 
obtained ranges of UCS values are 25–30 MPa at RH = 
98% (w = 5.24%) up to 55–60 MPa at RH = 32% (w= 
1.65%). Note that in spite of all precautions taken to 
avoid drying, samples often have a degree of saturation 
of 60% that corresponds to a suction of 50–60 MPa in 
laboratory. This again demonstrates the necessity of 
performing an effective saturation procedure prior to 
testing argillite samples. 
 
   
Fig.22 Water sensitivity of COx clay with UCS tests [22]. 
 
A more complete description of the shear resistance 
of the COx argillite is obtained from running triaxial 
tests under various confining pressures, as shown in Fig.23  
 
  
Fig.23 Peak and residual strengths [24]. 
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[24], where the Hoek-Brown criterion is fitted with 
various experimental data. 
Bemer et al. [28] determined the poroelastic 
parameters of the COx argillite by using a specially 
adapted oedometer device (Fig.24). The samples were 
40 mm in diameter and 20 mm in height. They 
observed that the initial degrees of saturation of the 
samples to be tested were 74%, 80% and 50%, 
respectively. They saturated the samples by putting 
them for 1 or 2 months in equilibrium with a water 
vapor saturated atmosphere and obtained final values 
of 95%, 100% and 80%, respectively. They estimated 
that the saturation procedure involved a volumetric 
swelling of 3%. 
 
 
Fig.24 Special oedometer device for investigating the Biot’s 
parameters of argillites [28]. 
 
Bemer et al. [28] determined the Biot’s modulus M, 
Biot’s coefficient b (b = 1 – Kd/Ks, where Ks is the bulk 
modulus of the solid grains, Ks = 20–50 GPa), the 
drained and undrained bulk moduli, Kd and Ku, 
together with the shear modulus G, based on the 
previous work by Vincké et al. [28], by running 
successively the following tests with the device of 
Fig.24: (1) a drained mechanical unloading-reloading 
cycle (providing Kd+4G/3); (2) a hydraulic 
unloading-reloading cycle (increase and decrease in 
pore pressure) (providing (Kd+4G/3)/b); and (3) an 
undrained mechanical unloading-reloading cycle 
(providing Ku+4G/3) with pore pressure measurements 
(providing M and b). 
The results of various samples from boreholes 
Est1587 (3 samples) and Est1473, presented in Fig.25, 
indicate that the Biot’s coefficient is between 0.45 and 
0.63 with a trend to decrease with increasing Terzaghi’s 
stress. 
By using a thin sample (15 mm in thickness) to 
overcome the difficulties related to the saturation 
procedure as well, Escoffier et al. [30] developed a 
pulse method to determine the permeability of COx 
clay. The principle of the test (see Fig.26) consists in 
applying a water pressure pulse to one end of the 
sample to measure the change in pore pressures with 
time at the other end. 
 
 
Fig.25 Biot’s coefficient as a function of Terzaghi’s axial stress [28]. 
  
Fig.26 Principle of the pulse test for determining permeability in 
low porosity rocks [30]. 
 
The data in Fig.27 [30] show that, once the sample 
is fully saturated (which may require 3 weeks), a 
period of time of around half an hour (2 000 s) is 
necessary to detect any pore water pressure in the 
downstream reservoir through a sample of 15 mm in 
length. Final equilibrium is reached after around 5.5 
hours (20 000 s). The calculation of permeability 
(1.441013 m/s in this case) is made by inverse 
analysis taking into account the compressibility of the 
liquid and solid phases together with the compressive 
storage of the upstream and downstream reservoirs. 
 
 
Fig.27 Results of the pulse test method for determining low 
permeability [30]. 
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4.3 Thermal effects  
An important factor is the thermal-induced pore 
water pressurization when considering temperature 
increment in low permeability media. This 
phenomenon occurs in clays when they are rapidly 
heated. It is due to the facts that heat transfer is much 
faster than water flow and the thermal dilation 
coefficient of water is much larger than that of the 
solid phase. This phenomenon is currently observed in 
the heating programs of present ongoing experiment in 
URL, which is obtained, as seen in Fig.28 [31], from a 
thermal test named HE-D carried out in the Mont Terri 
URL in Opalinus clay. It can be seen in Fig.28 that 
successive increases in temperature are coupled with 
fast increases in pore water pressures that present a 
peak value followed by pore water pressure dissipation 
with respect to existing drainage conditions. Figure 28 
also shows that coupled THM finite element code, 
used here in the elastic domain, can be employed in 
inverse analysis to provide the values of key parameters 
involved in the process (see also Gens et al. [20]). 
 
 
Fig.28 Thermal-induced pore water pressures [31]. 
 
A phenomenon has been investigated in laboratory 
by running thermo-consolidation tests on Boom clay as 
shown in Fig.29 [32]. The temperature increment 
initially involves an expansion, which reaches the 
maximum value after around 2.5 hours, due to 
undrained dilation of the soil-water system. The 
subsequent dissipation of thermally induced pore 
pressures is afterwards observed with stabilization 
reached after around 30 hours. 
The thermal dilation w of water is equal to 2.6 104 
(°C)1 compared with those of solid grains s, 3.34105 
(°C)1 for quartz [33] and 2105 (°C)1 for calcite [34]. 
In clays and rocks, the following thermal coefficient 
values have been provided: 0.01 MPa/(°C) for clays, 
0.05 MPa/(°C) for sandstone [35], 0.59 MPa/(°C) for 
Kayenta sandstone [33], and 0.06 MPa/(°C) for Boom 
clay [36] (according to the data in Fig.29).  
 
  
 
Fig.29 Thermo-consolidation of Boom clay [32]. 
 
Figure 30 [37] provides the changes in the coefficient of 
thermally induced pore pressure of Rothbach sandstone 
with temperature. The curves exhibit a peak value at 
around 20 °C and then keep decreasing until 50 °C.  
 
 
Fig.30 Coefficient of thermally induced pore pressure of 
Rothbach sandstone [37].  
 
Up to now, there are more available results on the 
thermal behaviors of clay soils than clay rocks. In 
terms of volume change behavior, Fig.31 [38] confirms 
a trend previously explored by the pioneering work of 
Hueckel and Baldi [39] about the volume changes 
experienced by a sample subjected to a temperature 
increment under a constant isotropic stress. The data 
show a strong dependency on over- consolidation ratio. 
Whereas a normally consolidated sample contracts under 
temperature, an overconsolidated sample starts dilation 
before contraction under high temperatures. This 
dependency has been properly accounted for in the 
THM elastoplastic model proposed by Cui et al. [40]. 
It can be affirmed that there is a general tendency 
towards weakening under increasing temperature with  
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Fig.31 Effect of overconsolidation on the thermal volume 
changes of Boom clay [38]. 
 
a decrease in yield stress accounted for in the model 
proposed by Hueckel and Borsetto [41]. It seems that 
the compressibility of clays does not depend on 
temperature changes [35] whereas a slight decrease in 
shear strength has been observed. 
Some previous results on thermal behavior of 
Opalinus clay are presented with data of undrained 
shear tests carried out at various temperatures by 
Zhang et al. [24] in Fig.32. Samples have been quickly 
heated (from 2 to 5 °C/h) in undrained conditions and 
the effect of thermally induced pore pressures with 
possible induced damage has been considered here to 
interpret the drastic fall in shear resistance when the 
temperature changes from 20 °C (a confining stress of 
2 MPa) to 116 °C (a confining stress of 3 MPa). This 
change hence might not be well intrinsic and the 
characteristics of the clay behavior changed with 
temperature. 
  
Fig.32 Effect of temperature changes on the undrained shearing 
resistance of Opalinus clay [24]. 
 
5  Conclusions 
 
An overview on the behaviors of clays used in waste 
disposal either as engineered barriers made up of 
compacted sand-bentonite mixtures or as natural 
geological barriers has been presented. Results have 
been taken from various sources linked to the 
significant researches presently carried out in Europe 
in this domain, with perhaps a little bit more attention 
paid to the Callovo-Oxfordian argillite. Many 
contributions have provided a better understanding for 
the behaviors of engineered clay barriers, and research 
should now focus on thermal aspects together with the 
long-term behavior of swelling. 
In natural clays and argillites, it seems that research 
is now needed to better assess the effect of temperature 
increment on the intrinsic properties of natural clays, 
provided the delicate problems related to initial 
saturation and drainage (including thermo- 
consolidation) are solved. Temperature effect on 
damage and sealing is also a topic of interest in the 
near future. 
 
References 
 
[1] The French National Agency for Radioactive Waste Management 
(ANDRA). Dossier argile. Paris: The French National Agency for 
Radioactive Waste Management (ANDRA), 2005. 
[2] Madsen T. Clay mineralogical investigation related to nuclear waste 
disposal. Clay Minerals, 1998, 33 (1): 109–129. 
[3] Tessier D, Dardaine M, Beaumont A, et al. Swelling pressure and 
microstructure of an activated swelling clay with temperature. Clay 
Minerals, 1998, 33 (2): 255–267. 
[4] Komine H, Ogata N. Swelling characteristics of compacted bentonite. 
In: Proceedings of the 7th International Conference on Expansive Soils. 
Dallas, USA: [s.n.], 1992: 216–221. 
[5] Push R. Mineral-water interactions and their influence on the physical 
behavior of highly compacted Na-bentonite. Canadian Geotechnical 
Journal, 1982, 19 (3): 381–387. 
[6] Cui Y J, Loiseau C, Delage P. Microstructure changes of a confined 
swelling soil due to suction controlled hydration. In: Proc. 3rd Int. 
Conf. on Unsaturated Soils, UNSAT’2002. Recife: A. A. Balkema, 
2002: 593–598. 
[7] Delage P, Audiguier M, Cui Y J, et al. Microstructure of a compacted 
silt. Canadian Geotechnical Journal, 1996, 33 (1): 150–158. 
[8] Lloret A, Villar M, Sanchez M, et al. Mechanical behaviour of heavily 
compacted bentonite under high suction changes. Geotechnique, 2003, 
53 (1): 27–40. 
[9] Delage P. Discussion: compaction behaviour of clay. Geotechnique, 
2009, 59 (1): 75–77. 
[10] Sridharan A, Altschaeffl A G, Diamond S. Pore size distribution studies. 
Journal of the Soil Mechanics and Foundation Division, ASCE, 1971, 
97 (5): 771–787. 
[11] Tarantino A, De Col E. Compaction behaviour of clay. Geotechnique, 
2008, 58 (3): 199–213. 
The data at the two
sides of the sign “/”
represent temperature
(°C) and lateral stress
(MPa), respectively. 
Opalinus clay at Mont Terri 
Strain rate = 1107 s1 
60 
20 
40 
0 1 2 3 4
OCR =1, c = 1.2 MPa 
OCR = 1, c = 3.85 MPa 
OCR = 2, c = 4 MPa 
OCR = 12, c = 4.2 MPa 
OCR = 12, c= 6 MPa 
Vt (%) 
T 
(°
C
) 
 
1 
80 
100 
P. Delage et al. / Journal of Rock Mechanics and Geotechnical Engineering. 2010, 2 (2): 111–123                                                 123 
 
[12] Agus S S, Schanz T. Effect of shrinking and swelling on 
microstructures and fabric of a compacted bentonite-sand mixture. In: 
Proc. Int. Conf. on Problematic Soils. Cyprus: [s.n.], 2005: 543–550.  
[13] Delage P. Microstructure features in the behaviour of engineered 
barriers for nuclear waste disposal. In: Schanz T ed. Proc Int. Conf. on 
Mechanics of Unsaturated Soils. Weimar, Germany: Springer, 2007: 
11–32. 
[14] Saiyouri N, Tessier D, Hicher P Y. Experimental study of swelling in 
unsaturated compacted clays. Clay Minerals, 2004, 39 (4): 469–479. 
[15] Delage P, Howat M D, Cui Y J. The relationship between suction and 
swelling properties in a heavily compacted unsaturated clay. 
Engineering Geology, 1998, 50 (1–2): 31–48. 
[16] Yahia-Aissa M, Delage P, Cui Y J. Suction-water relationship in 
swelling clays. In: Clay Science for Engineering, Proc. IS-Shizuoka 
International Symposium on Suction, Swelling, Permeability and 
Structure of Clays. [S.l.]: A. A. Balkema, 2001: 65–68. 
[17] Daniel D E. Measurement of hydraulic conductivity of unsaturated 
soils with thermocouple psychrometers. Soil Science Society of 
America Journal, 1982, 46: 1 125–1 129. 
[18] Cui Y J, Tang A M, Loiseau C, et al. Determining the unsaturated 
hydraulic conductivity of a compacted sand-bentonite under constant 
volume and free-swell conditions. Physics and Chemistry of the Earth, 
Parts A/B/C, 2008, 33 (Supp.1): 462–471. 
[19] Tang A M, Cui Y J, Barnel N. Thermomechanical behaviour of a 
compacted swelling clay. Geotechnique, 2008, 58 (1): 45–54.  
[20] Gens A, Vaunat J, Garitte B, et al. In-situ behaviour of a stiff layered 
clay subject to thermal loading: observations and interpretation. 
Geotechnique, 2007, 57 (2): 207–228. 
[21] Boulin P F. Expérimentation et modélisation du transfert d’hydrogène à 
travers des argiles de centre de stockage de déchets radioactifs. PhD 
Thesis. Grenoble, France: Institut National Polytechnique de Grenoble, 
2008 (in French). 
[22] Pham Q T, Vales F, Malinsky L, et al. Effects of desaturation- 
resaturation on mudstone. Physics and Chemistry of the Earth, Parts 
A/B/C, 2007, 32 (8–14): 646–655. 
[23] Aung K K, Rahardjo H, Leong E C, et al. Relationship between 
porosimetry measurement and soil-water characteristic curve for an 
unsaturated residual soil. Geotechnical and Geological Engineering, 
2001, 19 (3/4): 401–416. 
[24] Zhang C L, Rothfuchs T, Su K, et al. Experimental study of the 
thermo-hydro-mechanical behaviour of indurated clays. Physics and 
Chemistry of the Earth, Parts A/B/C, 2007, 32 (8–14): 957–965. 
[25] Mohajerani M, Delage P, Monfared M, et al. Oedometer compression 
and swelling behaviour of the Callovo-Oxfordian argillite. International 
Journal of Rock Mechanics and Mining Sciences, 2010 (in Press). 
[26] Popp T, Salzer K. Anisotropy of seismic and mechanical properties of  
Opalinus clay during triaxial deformation in a multi-anvil apparatus. 
Physics and Chemistry of the Earth, Parts A/B/C, 2007, 32(8–14): 
879–888. 
[27] Zhang C L, Rothfuchs T. Experimental study of the hydro-mechanical 
behaviour of the Callovo-Oxfordian argillite. Applied Clay Science, 2004, 
26 (1-4): 325–336. 
[28] Bemer E, Longuemare P, Vincké O. Poroelastic parameters of 
Meuse/Haute Marne argillites: effect of loading and saturation states. 
Applied Clay Science, 2004, 26 (1–4): 359–366. 
[29] Vincké O, Boutéca M, Longuemarre P. Investigation of the 
poromechanical behavior of shales in elastic domain. In: SPE/ISMR 
Eurock’98. [S.l.]: [s.n.], 1998: 515–520. 
[30] Escoffier S, Homand F, Giraud A, et al. Under stress permeability 
determination of the Meuse/Haute-Marne mudstone. Engineering 
Geology, 2005, 81 (3): 329–340. 
[31] Kull H, Jockwer N, Zhang C L, et al. Measurement of thermally- 
induced pore-water pressure increase and gas migration in the Opalinus 
Clay at Mont Terri. Physics and Chemistry of the Earth, Parts A/B/C, 
2007, 32 (8–14): 937–946. 
[32] Delage P, Sultan N, Cui Y J. On the thermal consolidation of Boom clay. 
Canadian Geotechnical Journal, 2000, 37 (2): 343–354. 
[33] Palciauskas V V, Domenico P A. Fluid pressures in deforming porous 
rocks. Water Resources Research, 1989, 25 (2): 203–213. 
[34] Gascón F., Balbás M, Modelo tensorial en la dilatacion lineal termica 
anisotropa de marmoles. Bol. Geol. y Minero, 1986, 97 (6): 103–112 
(in Spanish). 
[35] Campanella R G, Mitchell J K. Influence of temperature variations on 
soil behaviour. Journal of Soil Mechanics and Foundation Division, 
ASCE, 1968, 94 (SM3): 709–734. 
[36] Vardoulakis I. Dynamic thermo-poro-mechanical analysis of 
catastrophic landslides. Geotechnique, 2002, 52 (3): 157–171. 
[37] Ghabezloo S, Sulem J. Stress dependent thermal pressurization of a 
fluid-saturated rock. Rock Mechanics and Rock Engineering, 2009, 42 
(1): 1–24. 
[38] Sultan N, Delage P, Cui Y J. Temperature effects on the volume change 
behaviour of Boom clay. Engineering Geology, 2002, 64 (2–3): 
135–145. 
[39] Hueckel T, Baldi G. Thermoplasticity of saturated clays: experimental 
consitutive study. Journal of Geotechnical Engineering, 1990, 116 (12): 
1 778–1 796. 
[40] Cui Y J, Sultan N, Delage P. A thermomechanical model for saturated 
clays. Canadian Geotechnical Journal, 2000, 37 (3): 607–620. 
[41] Hueckel T. Borsetto M. Thermoplasticity of saturated soils and shales: 
constitutive equations. Journal of Geotechnical Engineering, 1990, 116 
(12): 1 765–1 777. 
 
